The summer precipitation (June-September) in the source region of the Yellow River accounts for about 70% of the annual total, playing an important role in water availability. This study divided the source region of the Yellow River into homogeneous zones based on precipitation variability using cluster analysis. Summer precipitation trends and teleconnections with global sea-surface temperatures (SST) and the Southern Oscillation Index (SOI) from 1961 to 2010 were investigated by Mann-Kendall test and Pearson product-moment correlation analysis. The results show that the northwest part (Zone 1) had a non-significantly increasing trend, and the middle and southeast parts (zones 2 and 3) that receive the most precipitation displayed a statistically significant decreasing trend for summer precipitation. The summer precipitation in the whole region showed statistically significant negative correlations with the central Pacific SST for 0-4 month lag and with the Southern Indian and Atlantic oceans SST for 5-8 month lag. Analyses of sub-regions reveal intricate and complex correlations with different SST areas that further explain the summer precipitation variability. The SOI had significant positive correlations, mainly for 0-2 months lag, with summer precipitation in the source region of the Yellow River. It is seen that El Niño Southern Oscillation (ENSO) events have an influence on summer precipitation, and the predominant negative correlations indicate that higher SST in equatorial Pacific areas corresponding to El Niño coincides with less summer precipitation in the source region of the Yellow River.
Introduction
The Yellow River is of immense importance to China since it supplies freshwater for 107 million people and 13% of China's totally irrigated farming lands in 2006 (Wang et al. 2006 , Yang et al. 2008 . The river basin population is expected to increase by about 20 million people by 2030, and consequently water availability has a major relevance for food security for the growing population (Marx 2012) . The source region of the Yellow River contributes about 35% of the basin's total streamflow playing an important role in meeting downstream water resources requirements (Zheng et al. 2007 ). The last 50 years have witnessed decreasing trends in annual precipitation and streamflow for the Yellow River source region, mainly due to a weakening of the summer monsoon rainfall (Yuan et al. 2015) . Corresponding to the weakened monsoon rainfall the average runoff depth has been decreasing by 0.74 mm/ year over the entire study area (Yuan et al. 2015) . The precipitation and streamflow decrease may cause further water shortage problems in the downstream of the Yellow River.
It has been shown that sea-surface temperature (SST) can provide important predictive information about hydrological variability in many regions of the world (Tootle and Piechota 2006, Yasuda et al. 2009 ). For example, El Niño-Southern Oscillation (ENSO) events are closely linked to patterns of flood and drought in different areas as they strongly affect local and regional-scale climates through teleconnections between the coupled ocean-atmosphere and land systems (Wang et al. 2006 , Jiang et al. 2013 . Thus, it is essential to improve the knowledge regarding the relationship between summer (June-September) precipitation in the source region of the Yellow River and global SST. This would have important implications for water resources management.
Research in recent decades has tried to link global atmospheric circulation with a more localized hydrological response (Uvo et al. 1998 , Tootle and Piechota 2006 , Yasuda et al. 2009 , Peng et al. 2013 . Several studies have shown teleconnections between SST and the hydroclimatology of certain areas in China during recent years. Fu et al. (2007) examined the precipitation variability between EI Niño and La Niña years in the Yellow River basin, and found that the average annual precipitation in La Niña years is 18.8% higher than the one in El Niño years. Lau and Weng (2001) studied the influence of SST variability across the globe on the flood and drought occurrences over China in the summers of 1997 and 1998 using coherent modes of rainfall and SST. They found that the severe flood in south China in 1998 was associated with biennial tendency of basin-scale SST anomaly during the transition from El Niño to La Niña in 1997 . Lü et al. (2011 explored the rainfall-ENSO relationship using the Southern Oscillation Index (SOI) for the source region of the Yellow River. Xu et al. (2007) studied the longterm trend of precipitation in China and its association with ENSO and found that drought in the Yellow River basin may easily occur during El Niño episodes. Wang et al. (2000) found that ENSO events can affect the East Asian climate through a Pacific-East Asian teleconnection, with an anomalous anti-cyclone east of the Philippines during El Niño events often observed over the West Pacific and the southward shift of the seasonal rain belt. To the authors' knowledge, there are still no studies regarding the precipitation variability in the source region of the Yellow River and summer precipitation teleconnections with global SST. It is important to quantify the above relationship for the source region of the Yellow River and develop the possible quantitative summer precipitation prediction techniques. In this study, cluster analysis was used to separate the precipitation stations in the source region of the Yellow River into homogeneous zones. Linear regression and the Mann-Kendall test carried out for each zone revealed the spatial variability of summer precipitation. Correlation analysis examined the links between summer precipitation in the source region of the Yellow River and global SST and SOI. The significantly correlated SST areas identified the influence of climate patterns on summer precipitation variability in the source region of the Yellow River.
2 Study area, data and methods
Study area and data
The source region of the Yellow River is located on the northeast Qinghai-Tibet Plateau between 32°12' and 35°4 8'N and 95°50' and 103°28'E and includes the area above the Tangnaihai hydrological station. The area is 12.2 × 10 4 km 2 occupying about 16% of the Yellow River basin and it has a great elevation change from 6253 m a.s.l. in the west to 2670 m a.s.l. in the east (Fig. 1) . The climate in the source region of the Yellow River is greatly influenced by the southwest monsoon and the East Asian summer monsoon (Qian et al. 2002, Yihui and Chan 2005) . The earliest onset of the East Asian summer monsoon occurs in the central and southern Indochina Peninsula. It displays a distinct stepwise northward and northeastward movement and then finally penetrates into the Upper Yellow River from the south of China (Qian et al. 2002, Yihui and Chan 2005) . The effects of atmospheric circulation are in general different for the Upper and Lower Yellow River. The monsoon rain belt in the upper part is caused by southeasterly flow while the corresponding monsoon rain belt in the lower parts is influenced by southwesterly flow (Qian et al. 2002) . This causes differences in spatial distribution of summer precipitation between the two parts of the Yellow River. The precipitation is generally of low Figure 1 . Topography, river network and precipitation stations in the source region of the Yellow River.
intensity (<50 mm/d), long duration (10-30 d) and covers a large area (>100 000 km 2 ) (Zheng et al. 2007 , Hu et al. 2011 .
Monthly precipitation observations from 1961 to 2010 collected from 10 meteorological stations (Fig. 1) were obtained from the Chinese Meteorological Administration (CMA) and data quality has been checked by CMA. Monthly global SST (1°× 1°) version HadISST 1.1 from 1960 to 2010 obtained from and courtesy of the British Atmospheric Data Centre was used here (Rayner et al. 2003) . The monthly SOI data from 1960 to 2010 were from the Climate Prediction Centre (CPC, NOAA) (http://www.cpc.ncep.noaa.gov/ data/indices/soi). The Shuttle Radar Topographic Mission (SRTM) 90-m resolution digital elevation data were downloaded from the Consortium for Spatial Information (CGIAR-CSI).
Methods

Cluster analysis
Due to the large and diverse topography of the area and marked spatial variability of precipitation, a division into homogeneous precipitation areas was done by cluster analysis using monthly precipitation data. The results were used to investigate the spatial dependence and influence of different SST areas on the summer precipitation within the source region. Cluster analysis is primarily an exploratory data analysis tool to separate data into groups whose identities are not known in advance (Wilks 2011) . The number of groups is defined by the degree of similarity and difference between individual observations (Wilks 2011) . The cluster analysis is a widely used pre-analysis technique in hydrological and meteorological areas (Gong and Richman 1995, Uvo 2003) . A correlation matrix was calculated to discern the levels of dependence among the precipitation stations. This method produces a dendrogram in which the correlations between all precipitation stations are shown as a tree-like hierarchical diagram.
In our case, we have an n × p data matrix X, where n is the number of variables and p is the number of precipitation stations. Preprocessing of the variables before calculation of the distance measures is necessary since different variables may be measured on different scales and may also contain irrelevant or redundant information (Fovell and Fovell 1993 , Parajka et al. 2010 , Kingston et al. 2011 . The means of the variables have been removed, and then the data matrix is standardized. Principal component analysis was applied to create new variables composed of mutually orthogonal linear combinations of the original variables, each accounting for a specific fraction of the original total variance as indicated by the size of its associated eigenvalue. Retention of only the most significant components presenting more than 90% of the total variance accomplishes variable reduction. These created new variables were used to generate component scores that were clustered in place of the raw precipitation data for cluster analysis. Euclidean distance is used here for measuring similarity between pairs of 10 precipitation stations. The Ward method is chosen as a clustering technique; it is based on mutually exclusive subsets of the dataset and does not assume normality (Bonell and Sumner 1992) .
Mann-Kendall test
To investigate summer precipitation trends and variability in the source region of the Yellow River, annual summer precipitation time series from 1961 to 2010 at different zones were examined by the nonparametric Mann-Kendall test which is independent of the statistical distribution of the data. Statistical significance of the trend was evaluated at the 0.05 level of significance against the null hypothesis that there is no trend for the data series. A detailed procedure for this statistical test can be found in Burn and Elnur (2002) .
Correlation analysis
To identify potential teleconnections or covariabilities between global SST and the summer precipitation (June, July, August and September) in the source region of the Yellow River, 0-11 month lagged Pearson product-moment correlation coefficients r between monthly SST and precipitation were calculated. The summer precipitation normal distribution was tested by Kolmogorov-Smirnov test in Matlab, and SST data followed the normal distribution that may be seen here (Rayner et al. 2003 , Kodera 2004 , Yasuda et al. 2009 ). Statistical significance was assessed using the Student t-test against the null hypothesis of no correlation (Lloyd-Hughes and Saunders 2002). Correlations | r | > 0.36 and | r | > 0.46 correspond to a statistical significance level of 0.01 and 0.001, respectively.
The SOI was used to further reveal the correlated SST influence on summer precipitation in the source region of the Yellow River. The 0-11 month lagged Pearson product-moment correlation coefficients r between monthly SOI and precipitation were calculated. The statistical significance was assessed at the 0.05 level. Figure 2 shows the outcome of the cluster analysis that the precipitation stations in this region can be divided into three homogeneous zones, namely, 1: Xinghai, Tongde and Maduo; 2: Zeku, Henan and Dari; and 3: Jiuzhi, Maqu, Ruoergai and Hongyuan. Figure 3 shows the corresponding mean annual precipitation over the Yellow River source region. As seen from Fig. 3 there is a strongly increasing gradient from the northwestern parts, with about 309 mm/year, to about 755 mm/year in the southeast due to the influence of the summer monsoon from the southeast. Consequently, there is a general inverse relationship between annual precipitation and topography. The summer monsoon rainfall in China is concentrated in about four months from June to September, and the monsoon rain belt in the Upper Yellow River is caused by southeasterly flow (Qian et al. 2002) . Prevailing southeasterlies converge along the eastern edge of the Tibetan Plateau causing rainfall to generally decrease with topography. Thus, the cluster analysis results are mainly characterized by different average annual precipitation amounts. The mean annual precipitation totals are 365, 517.9 and 692.4 mm/year for zones 1-3, respectively.
Results
Summer precipitation trend and variability
Summer precipitation trends for the whole region and the three identified homogeneous zones were investigated. As can be seen in Table 1 and Fig. 4 , the summer precipitation for the whole region had a decreasing trend for the period 1961-2010. Zone 1 had a non-significantly increasing trend in the period 1961 to 2010. In contrast, both zones 2 and 3 had significantly decreasing summer precipitation of 1.33 and 1.60 mm/ year for Zone 2 and Zone 3, respectively. Dividing the region into homogeneous zones displays clear differences in summer precipitation and a clearer picture of the spatially dependent trend. The trend is strongest for the wettest area of the Yellow River source region and gradually decreases with decreasing annual precipitation. The trend analysis indicates that the summer monsoon is gradually becoming weaker resulting in less summer rainfall. Table 1 also shows the contribution of the wet season precipitation to the annual total for the different zones. June to September precipitation represents 68-75% of the annual total. There is a general increase in the contribution of summer monsoon rainfall to the total annual amount as the climate becomes dryer (Fig. 3 and Table 1 ). This was also noted in the middle stream of the Yellow River by Yasuda et al. (2009) . Figure 5 shows the monthly average precipitation for different zones in the source region of the Yellow River. The general monthly distribution pattern is similar for all three zones. Precipitation in July represents the maximum. Figure 6 shows the 0-11 months lagged cross-correlation between global SST and the summer precipitation (June-September) for the source region of the Yellow River as a whole. The figure shows statistically significant negative correlations with different SST areas of various lags. During lag 0-4 months it is the large area in the central Pacific that dominates. However, with increasing lag new areas in the southern Indian and Atlantic oceans become a dominant influence. The predominant negative correlations mean that lower SST in these areas coincides with more summer rainfall over the source region of the Yellow River. El Niño events occur in the eastern Pacific pattern and the central Pacific pattern according to the location of the onset of warm SST anomalies (Lin and Yu 1993, Feng et al. 2011) . The results also suggest significant relationships with southern Indian and Atlantic oceans, especially for lags of between 5 and 8 months. Feng et al. (2013) examined the SST anomalies over the southern Indian Ocean and found that they could induce consistent atmospheric circulation and precipitation anomalies over China, and that warm SST anomalies could decrease the rainfall, which is generally in agreement with the negative correlations we found above. Figure 7 shows the lagged correlation between summer precipitation in Zone 1 and global SST. Different correlated SST areas emerge when dividing the Yellow River source region into homogeneous precipitation areas. Zone 1 rainfall is correlated with SST mainly in the central Pacific and only partly in the eastern Pacific. Significant negative correlation remains for a lagged period of up to 9 months in this area. It is also seen that a small area with positive correlations (blue area in Fig. 7 ) appears in the central Pacific Ocean for a lag of up to about 8 months. The significant positive correlation corroborates the non-significantly increasing summer precipitation trend in Zone 1 during the last 50-year period. It is quite clear that rainfall in Zone 1 (western and northwestern parts of the source region of the Yellow River) is mainly governed by central and eastern Pacific SST. Figure 8 shows correlation between summer precipitation in Zone 2 (central parts of the source region of the Yellow River) and global SST. It has great similarity with the pattern for the whole region as shown in Fig. 6 but with more clear signals in the southern Indian and Atlantic oceans, mainly due to the similar summer precipitation time series between the whole region and Zone 2 (Fig. 4) . For short time lags of 0-4 months it is mainly the central Pacific SST that explains summer precipitation. However, for lag 5-8 months it is the southern Atlantic and Indian oceans and the western Pacific that are of importance. The clearest signals appeared at lag 6 months and lag 7 months for the southern Atlantic and India oceans and the western Pacific, respectively. Figure 9 shows correlation between summer precipitation in Zone 3 (eastern parts of the source region of the Yellow River) and global SST. Lag 0-3 months correlation shows scattered and small areas. From lag 4 months the central Pacific SST emerges with strong correlation. With increasing lag period, the western Pacific and the southern Atlantic SST also display strong correlation. Eventually, for the long lag periods of 6-11 months the central and western Pacific SST dominate the correlation.
Correlation analysis
It is clearly seen that SST has an influence on the summer precipitation in the source region of the Yellow River. The ENSO activity is typically monitored by observing the sea-level pressures and SST in the equatorial Pacific. Thus, the SOI was selected to further reveal the ENSO influence on summer precipitation in the source region of the Yellow River. Table 2 shows the correlation coefficients between summer precipitation and SOI for different time lags. Significant positive correlations were found for the 0-2 months lag for the entire region. In addition, Zone 1 had significant positive correlations for lags of 4 and 9-11 months. Sustained negative values of the SOI often indicate El Niño episodes, and these negative values are usually accompanied by sustained warming of the central and eastern tropical Pacific Ocean, a decrease in the strength of the Pacific trade winds and a reduction in rainfall over China (Fu et al. 2013 ). The significant negative correlations with SST in the equatorial Pacific Ocean and positive correlations with SOI for summer precipitation clearly shows the influence of ENSO activities on the source region of the Yellow River.
Discussion and conclusion
This study divided the source region of the Yellow River into three homogeneous zones based on precipitation variability and investigated the summer precipitation trends. The relationships between summer precipitation in the source region of the Yellow River and global SST and SOI were investigated. The northwestern part (Zone 1) exhibited a non-significantly increasing trend for the period 1961-2010. The middle and southeastern parts (zones 2 and 3) that receive the most precipitation displayed a statistically significant decreasing trend over the same period. This is due to a weakening of the summer monsoon and decreasing rainfall amounts during the summer months. The summer precipitation in the whole area shows statistically correlations, mainly for 0-2 months lag, with summer precipitation in the source region of the Yellow River. It is clear to see that ENSO events have an influence on the summer precipitation in the source region of the Yellow River. Xu et al. (2007) found that the La Niña phase (lower SST of the eastern tropical Pacific Ocean) corresponds to a relatively rainier season in the Yellow River basin. The results here reveal the correlated SST areas and confirm the importance of ENSO events for the summer precipitation in the source region of the Yellow River. Fu et al. (2013) examined the trend and variability of extreme rainfall events in China and found that it is mainly influenced by ENSO, the magnitude of East Asian monsoon, global warming as well as wind circulations like the cyclonic and anti-cyclonic circulation anomalies dominating over northwest and North China. Cuo et al. (2013) have shown that precipitation change in winter at the northern Tibetan Plateau can be attributed to changes in the North Atlantic Oscillation, ENSO, the Arctic Oscillation and East Asian westerly jet, and in summer the change in precipitation is only weakly related to these indices. Xu et al. (2013) defined an eastern Pacific SOI and a central Pacific SOI to measure the different responses of the atmospheric circulation to the two types of El Niño La Niña and showed that both indices exhibited positive correlations with rainfall anomalies in the upstream of the Yellow River. Zhang et al. (2013) showed that the warm phase of the North Atlantic SST is related to the North Atlantic Oscillation and leads to less precipitation or more frequent droughts in the semi-arid subarea in the upper reaches of the Yellow River. Liu et al. (2012) investigated the variation of water discharge that is more likely to be correlated with large-sale climatic process over long time scales and is also influenced by both ENSO and human activities, and the ENSO impacts on the water discharge were exerted by influencing the precipitation through its effects on the East Asian monsoon.
The precipitation in the source region of the Yellow River is greatly influenced by the southwest monsoon and the East Asian summer monsoon. The Asian monsoon region assumes the most distinct variation of the annual cycle and the alternation of dry and wet seasons which is in concert with the seasonal reversal of the monsoon circulation features (Webster et al. 1998 ). However, for the different parts of the Asian monsoon region, the durations of dry and wet seasons may be different depending on their climate regions and the degree of effects of the Asian monsoon (Yihui and Chan 2005) . The monsoon variability greatly affects the precipitation in the source region of the Yellow River (Feng et al. 2011) . Li et al. (2010) found that the recent warming of the tropics, especially the warming associated with the tropical interdecadal variability centred over the central and eastern Pacific, is a primary cause for the weakening the East Asian summer monsoon (EASM) since the late 1970s. Two external sources of forcing, including Pacific and Indian Ocean SSTs and the snow cover in the Eurasian and the Tibetan plateaus, are believed to be primary contributing factors to physical processes and mechanisms related to the EASM (Yihui and Chan 2005) . The warming in the tropical Pacific and Indian oceans leads to an abnormal Subtropical Pacific High that reduces water vapour transport to North China from the South China Sea and thus contributes to precipitation decrease (Hu 1997) . In view of the above it is clear that ENSO can exert an important impact on the Asian monsoon (Weng et al. 1999 , Zhou et al. 2010 . This study examined the relationship between summer precipitation in the source region of the Yellow River and global SST. The summer precipitation in the source region of the Yellow River is closely related to the ENSO phenomenon, of which the SSTs in the equatorial Pacific are a major component. The significant lagged correlations can be used for precipitation forecasting.
The summer precipitation in the source region of the Yellow River is of importance for food production and water supply in the middle and downstream reaches of the river basin. This study is an essential part of the development of optimal reservoir planning and operation policies for power generation, water supply, irrigation and flood control for the mid and downstream areas of the Yellow River.
